Abstract: Single-site heterogeneous catalysis with isolated Pd atoms was reported earlier mainly for oxidation reactions and for Pd catalysts supported on oxide surfaces. In the present work, we show that single Pd atoms on nitrogen-functionalized mesoporous carbon, observed by aberration-corrected scanning transmission electron microscopy (ac STEM), contribute significantly to the catalytic activity for hydrogen production from vapor-phase formic acid decomposition providing an increase by 2-3 times as compared to Pd catalysts supported on nitrogen-free carbon or unsupported Pd powder. Some gain in selectivity was also achieved.
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our earlier studies of Pt 24 and Ru 25 catalysts on carbon nanofibers, we expect that N-doping would lead to an opposite effect. Nitrogen-doped carbon materials are intensively studied as catalysts and catalysts' supports during last decade. The presence of nitrogen leads to stabilization of a supported phase, changing its chemical and electronic properties or even to creation of novel active sites for catalytic reactions. [24] [25] [26] [27] [28] [29] Recently, Arrigo et al. 27 reported a study of interaction of N-doped carbon nanotubes with Pd species deposited from Pd(NO 3 ) 2 and Na 2 PdCl 4 and of reactivity of the obtained catalysts in different reactions like oxygen reduction, CO oxidation and hydrogenation. Our present work is focused to understanding of the nature of Pd species active in decomposition of formic acid and the character of interaction of these Pd species with the N-doped carbon surface. We used novel N-free and N-doped mesoporous carbon materials 30 as catalyst supports and deposited Pd from Pd acetate. This was a chlorine-free and polyvinilpyrrolidone (PVP)-free method providing high dispersion of Pd accompanied by the presence of a considerable content of isolated Pd 2+ cations stable to the reduction. Using experimental and theoretical approaches, we showed that these isolated Pd species coordinated by pyridinic type nitrogen species of the carbon support are the active sites for the formic acid decomposition reaction.
EXPERIMENTAL SECTION
2.1. Materials. Chemicals were purchased from Reachem and Sigma-Aldrich. The iron powder was completely dissolved in acetic acid in an inert atmosphere at 388 K followed by addition of calculated amount of calcium chloride. Then, in order to get iron-doped calcium tartrate, an aqueous solution of sodium tartrate (Na 2 C 4 H 4 O 6 ) was added to the flask containing iron and calcium ions under vigorous stirring. The precipitate was filtered, repeatedly washed with deionized water and dried in air at ambient conditions. According to atomic-absorption 5 spectral analysis (Hitachi Z-8000, Japan), the concentration of iron in the obtained calcium tartrate was about 0.8 wt.%.
Decomposition of iron-doped calcium tartrate and chemical vapor deposition (CVD) of carbon materials was carried out at 1073 K in a horizontal quartz tube. The reactor chamber was pumped, filled with argon and heated. A certain amount of iron-doped calcium tartrate was uniformly distributed onto ceramic boat, which was placed in the center of the heated reactor by a manipulator. After the decomposition of Ca tartrate during 10 min under dynamic vacuum, ethanol or acetonitrile vapor was fed for 30 min. The resultant product was immersed into dilute HCl acid to remove calcium and iron containing species, subsequently washed with distilled water and dried in air at 373 K overnight. The materials obtained from ethanol and acetonitrile were denoted as C M and N-C M , respectively.
Pd was deposited on these carbon supports using incipient wetness impregnation. For this, Pd acetate was mixed with acetone or water in an amount to provide the metal content of 1 wt. %.
After the complete consumption of the solution by the support, the materials were dried overnight at 353 K in air and were reduced in hydrogen before the catalytic experiments as it is described below.
2.2.
Characterization. An elemental analyzer (EuroVector EA3000, Italy) equipped with a thermal conductivity detector (TCD) was used to determine the carbon, hydrogen and nitrogen (CHN) contents in the N-C M sample. The sample was placed in a separate tin foil vial and then combusted completely in a high purity oxygen environment at 1273 K. Helium was used as a carrier gas. The obtained gases were then separated in a gas chromatography column and quantified. The instrument was calibrated using a high purity acetanilide standard.
Nitrogen adsorption-desorption isotherms were obtained using an Autosorb-iQ (Quantachrome Instruments, USA) at 77 K. Before the measurements, the samples were degassed at 473 K for 12 h under dynamic vacuum. The total surface area was calculated from adsorption data using the Brunauer-Emmett-Teller (BET) equation. The total pore volume was 6 obtained from the uptake of nitrogen at P/P 0 =0.95 and the pore size distribution was determined by the Barret-Joyner-Halenda (BJH) method.
X-ray photoelectron spectroscopy (XPS) and near-edge X-ray absorption fine structure (NEXAFS) spectra were recorded at the Berliner Elektronen-speicherring für Synchrotronstrahlung (BESSY) using radiation from the Russian-German beamline. The overall XPS spectra were measured at the energy of monochromatized synchrotron radiation of 800 eV with a resolution of 0.5 eV full width at half maximum (FWHM). NEXAFS spectra near the CKand NK-edges were acquired in the total-electron yield mode. As compared to the conventional XPS measurements, these measurements provided a lower depth of sample analysis. The spectra were normalized to the primary photon current from a gold-covered grid recorded simultaneously. The monochromatization of the incident radiation was ~80 meV for the carbon region and ~170 meV for the nitrogen region (FWHM). It is known that metallic Pd is covered by a thin oxide layer in ambient air. To remove the species, which can be formed on the Pd surface during storage in laboratory conditions, we performed an ex situ reduction. For this, the Pd catalysts already reduced in a catalytic reactor were heated in H 2 (about 2.3 Pa) in a preparation chamber of the spectrometer at 613 K for 3.5 h. After cooling to room temperature, the samples were transferred to a measurement chamber in ultra-high vacuum conditions (10 -6 Pa).
In addition, XPS measurements of Pd states were performed on a conventional AXIS Ultra DLD spectrometer (Kratos, UK) using monochromatic Al Kα radiation (1486.6 eV). The C 1s line at 284.8 eV was taken for reference energy calibration. An ex situ reduction of the samples for these measurements was performed in 33 Pa of hydrogen at 573 K for 30 min in the preparation chamber of the XPS unit.
The morphology of the samples was studied using a Titan 60-300 TEM/STEM image-side Cscorrected microscope (FEI, Netherlands) at acceleration voltage of 80 kV for TEM and 300 kV for scanning TEM (STEM). The samples in this case were prepared by ultrasound-assisted 7 deposition of isopropanol suspension of the material on lacey carbon film grids. Pd particle size distributions were obtained using a regular JEM-2100F microscope (JEOL, Japan) with an acceleration voltage of 200 kV in STEM mode with a high-angle annular dark-field (HAADF) detector.
Catalytic experiments.
Vapor-phase formic acid decomposition was carried out in a fixed bed tubular quartz reactor with 4 mm internal diameter as was described earlier. 17, 25 Activity tests were performed at atmospheric pressure with 7 mg of catalyst placed between two layers of quartz wool. The catalysts were reduced in an 1 vol.% H 2 /Ar mixture at 573 K for 1 h and cooled in He to the reaction temperature (333 K). To obtain a temperature dependence of the acid conversion, the composition of the outlet gas mixture was measured several times at each temperature (at least for 30 min) to ensure that steady-state was reached. Two such cycles have been performed to stabilize the catalyst before obtaining the conversion-temperature dependences shown in that paper.
The reaction mixture contained 1.9 vol.% of formic acid in He. All experiments were performed with a total flow rate of 51 cm 3 (STP) min -1 . The reactants and products were analyzed by a gas chromatograph (HP-5890) fitted with a Porapak-Q column and a thermal conductivity detector.
As no other carbon containing products were detected, the conversion of formic acid was determined as a sum of the concentrations of CO and CO 2 formed related to the initial concentration of formic acid. Turnover frequencies (TOF) were calculated at conversions lower than 20%. The TOF values were determined as the sum of the rates of the formation of CO and CO 2 molecules related to the total number of Pd atoms in the samples. (Table S1 , Supporting information). The presence of calcium and iron was not found by XPS indicating that the purification of the materials in HCl was efficient. The N-free sample did not contain any nitrogen, but the content of oxygen was quite similar to that in the N-doped sample (6-7 at.%). The bulk content of nitrogen in the N-doped sample corresponded to 5.9 wt.% or 4.7 at.%. This sample contained also about 11 at.% of hydrogen. The bulk and surface compositions were quite similar indicating that the elements are distributed uniformly throughout the material.
Computational details.
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Textural characteristics of the obtained carbon materials were determined from nitrogen sorption measurements. The adsorption/desorption isotherms for both materials could be assigned to type II ( Figure S1a , Supporting information) reflecting a mesoporous nature of the samples. Based on the sorption isotherms, specific surface area, pore volume and pore size distributions were determined and summarized in respectively. An intensive peak appeared in the pore size distributions ( Figure S1b , Supporting information) at 13 nm for the both samples indicating the presence of relatively uniform size mesopores.
Palladium was deposited from Pd acetate mixed with water or acetone. It is known that
Pd acetate is badly dissolved in water, but nicely in acetone. Earlier, Kondrat et al. 32 showed that there is even no need to use any solvent for Pd acetate deposition as nanoparticles of Pd (2-4 nm) can be formed in a grinded mixture of Pd acetate with activated carbon at temperatures higher than 453 K in inert atmosphere. However, such dry method of preparation also gave some big Pd particles of ~20 nm in size, which were not observed in our study.
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The presence of mesopores is also clearly seen in the HAADF/STEM images of the samples with deposited Pd ( Figure S2 , Supporting information). This was in agreement with the textural studies of the samples (Table 1 ). The morphologies of the samples with and without
Figure 1. TEM images of the reduced Pd catalysts (Titan 60-300).
nitrogen are similar and remind a sponge. TEM images taken at a higher magnification ( Figure   1 ) showed that the structure of the supports is created by disordered few-layer graphene-like flakes. The presence of multiple open edge sites is observed. Concluding, the morphology of the samples is determined mainly by the catalyst used for the growth of the carbon material and not by the carbon precursor used. The pore structure is created by CaO x nanoparticles produced under thermolysis of Ca tartrate used for synthesis of the support. 30 Mean Pd particle sizes and particle size distributions were determined for the catalysts using HAADF/STEM images obtained by regular TEM ( Figure 2 , Table 2 ). It is seen that if Pd acetate is deposited from the same solvent (water) on the N-free and N-doped carbon samples, the mean particle size for the N-free catalyst is 2. to be done with the catalysts having the same mean particle size to avoid particle size effects, which can mask the effect of nitrogen incorporated into the support. Hence, acetone was used instead of water to disperse Pd acetate to get a smaller mean particle size (2.6 nm) for the Ndoped catalyst similar to that for the N-free sample (2.5 nm). Figure 2 and Table 2 show also that the particle size distributions are slightly broader for the N-doped catalysts as compared to the Nfree sample. The effect of solvent on the mean particle size is probably related to partial hydrolysis of Pd acetate in water giving Pd oxo-/hydroxospecies as precursors for Pd clusters in contrast to the case of the Pd acetate precursor in acetone.
Catalytic reaction.
The catalysts as well as catalysts supports were tested in the formic acid decomposition reaction and the data are shown in Figure 3 and Table 2 . It is seen that the activity of the supports was negligible as compared to the activity of the Pd catalysts.
The N-doping provided a shift of the temperature of 50% conversion (T 50 ) by 22 K to lower 14 values. When comparing the activities of the Pd catalysts at low temperatures (<400 K), the conversions of formic acid ( Figure 3 ) and TOF values (Table 2) for the N-doped catalysts were 2-3 times higher than that for the N-free catalyst. It is also important that the TOF values for the N-doped samples were higher than those for the unsupported Pd powder 33 and commercial 1 wt.% Pd/C catalyst 17,18 with a mean particle size of 3.6 nm close to that for the Pd/N-C M (w)
sample. Both the Pd powder and Pd/C sample were studied by us earlier at the same reaction conditions. The selectivity of hydrogen production also increased with N-doping, from 93.7 to 95.5% indicating that the content of CO in the reaction products decreased by 1.5 times.
Generally, similar effects of N-doping of carbon for the formic acid decomposition we observed for highly dispersed Ru 25 and Pt 24 catalysts supported on another type of carbon -carbon nanofibers.
A stability test was performed with the Pd/N-C M (ac) sample ( Figure 4 ). In this experiment formic acid was introduced into the dried, but unreduced sample, at 448 K for 35 h, then the reduction was performed in H 2 at 573 K for 1 h as normally and then after cooling back to 448 K in He, the gas flow containing formic acid was introduced again for 30 h. It is seen that the reduction is not necessary to get the same steady-state activity as after the reduction the same steady-state state of the catalyst is formed in the conditions of the formic acid decomposition reaction. However, the initial transient period was relatively long (1 h). This indicates that the necessary decomposition of the existing at the beginning of the run Pd acetate liberating the active Pd sites is slow at this temperature. This is in accordance with the data of Kondrat et al. 32 who observed by the thermal gravimetric method that the decomposition of Pd acetate in inert gas starts only at about 453 K. 32 The experiment presented in Figure 4 also clearly showed that the active sites are very stable in the conditions of the formic acid decomposition reaction as there was no deactivation observed.
Therefore, the Pd catalyst on the N-doped support prepared from acetone solution provided the catalytic activity, which is 3 times higher than that of the N-free catalyst ( Figure 3 , Table 2 ). The particle size distributions for these two samples are shown in Figure 2 and are also compared on the same plot ( Figure S3 , Supporting information). The comparison indicates that both Pd catalysts possess the same mean particle size and the difference in the particle size distributions is very small and can hardly explain the difference in the catalytic activity. Hence, the N-doping effect cannot be related to the difference in the particle sizes observed by regular TEM. We also did not find a difference in the shape of the metal nanoparticles on the N-doped and N-free carbon supports. Hence, aberration-corrected STEM allowing discrimination of atoms and clusters with a few atoms was applied in order to understand whether there are some smaller Pd clusters or even isolated atoms in the samples than those seen by regular TEM (Figure 2 ). These smaller Pd species must be more sensitive to the presence of nitrogen in the vicinity than Pd nanoparticles and this could influence significantly their catalytic properties. Figure 5 and Figure S4 (Supporting information)
Pd interaction with the support.
show HAADF/STEM images of the Pd/N-C M sample taken with a Titan 60-300 microscope. It is seen that except of the presence of Pd clusters of 1-2 nm observed as big bright white spots the image demonstrates the presence of much smaller species: isolated atoms and clusters with a few atoms. They are seen as light-gray dots distributed uniformly through the carbon matrix. These species cannot be assigned to nitrogen species as they are not discriminated from carbon by this equipment, because of close Z-contrast. Hence, they must be assigned to Pd species. Moreover, as the typical size of the light-gray dot is about 2-3 Å, they should be assigned mainly to single Table 2 ).
The state of nitrogen and Pd in the samples was studied using XPS and NEXAFS. Figure   6a shows XPS N 1s spectra of the carbon support without Pd corresponding to different nitrogen species revealing that nitrogen is imbedded into the carbon structure in four forms. The N 1s
lines at ~398.1 (N1), ~399.8 (N2), ~400.7 (N3) and ~402.4 eV (N4) were attributed to pyridinic, pyrrolic, graphitic and oxidized nitrogen species, respectively. 25, 27, 34, 35 The first three species are present in approximately the same concentrations (~30%, 28 showing a significant increase of the peak in the same region after deposition of PdAu nanoparticles on N-functionalized carbon nanotubes.
The NEXAFS study confirmed the change in the chemical state of nitrogen in the N-C M material after the Pd deposition/reduction (Figure 6b ). To visualize this more clearly, the NKedge spectra were normalized to the intensity of the σ* resonance. The spectrum of the initial N-C M support showed three peaks located at ~398.4, ~399.8, and ~401.2 eV attributed to pyridinic, pyrrolic and graphitic forms of nitrogen, respectively, in accordance with the XPS data. The oxidized nitrogen species (N4) could be responsible for a shoulder at the high-energy side of the peak. It is seen in Figure 6b that the Pd deposition/reduction leads to a change of the states of nitrogen in the sample. The NK-edge spectra of the Pd/N-C M sample exhibited an increase of the intensity between the low-energy peaks N1 and N2 similarly to the XPS result (Figure 6a) . A new peak at ~398.9 eV, which was absent for the N-C M support, has to be assigned to the nitrogen species interacting with Pd. Hence, it would be important to discover a difference related to the appearance of the N-Pd interaction also in the XPS spectra of Pd.
It must be pointed out that before the measurements of the Pd spectra by XPS the oxide layer covering Pd surface formed because of the contact of the sample with air must be removed as its presence masks the effect of nitrogen. The presence of such layer accompanied by the appearance of lines assigned to Pd 2+ cations is seen in the XPS spectra of the original unsupported Pd powder (Figure 7a ) obtained with the conventional equipment. The layer was completely removed after the reduction ex situ performed according the procedure described in Experimental Section. The XPS measurements of the Pd electronic state in the ex situ reduced supported samples are shown in Figure 7b . The Pd 3d spectrum consisted of 2 doublets with 3d 5/2 positions at about 335.9 and about 338.0 eV typical for supported Pd metallic clusters and ionic Pd 2+ species, 27 respectively. So, in contrast to the unsupported Pd powder, the Pd 2+ species
were present in a significant concentration in the N-free and N-doped samples in spite of the As the unsupported Pd powder does not show the presence of the Pd 2+ species after the same reduction (Figure 7a ), the presence of this oxidized Pd form in the supported catalysts was assigned to highly dispersed Pd species strongly interacting with the support through oxygen or nitrogen atoms. The higher content of the Pd 2+ species on the N-doped support indicates that part of these species is stabilized by nitrogen atoms of the support like in some metal complexes.
These Pd 2+ species could be related to the isolated Pd atoms observed by aberration-corrected STEM ( Figure 5 and Figure S4 , Supporting information). Hence, the atoms seen by aberrationcorrected STEM are in the Pd 2+ state stabilized by nitrogen of the support. Very recently, Arrigo et al. 27 observed similar changes in NEXAFS spectra of nitrogen after Pd deposition and assigned them to the formation of a covalent bond of Pd with pyridinic nitrogen with partial ionic character consistent with the shift of the binding energy of Pd 3d close to the Pd 2+ state.
Earlier, we reported a strong shift of the Pt 4f binding energy for 100% dispersed Pt deposited on N-doped carbon nanofibers as compared to 100% dispersed Pt deposited on N-free carbon nanofibers. 24 Arrigo et al. 27 also noticed that coordination of Pd 2+ species to nitrogen of the support complicates the reduction of these species with hydrogen. Stonkus et al. 29 confirmed that deposition of Pd on N-doped carbon nanofibers leads to a change of redox properties of Pd as compared to those for Pd supported on N-free carbon nanofibers.
Preferable sites for Pd anchoring.
To check the preferable sites for the attachment of a Pd atom in the N-C M sample we invoked DFT calculations of models. Though four different nitrogen forms were identified in N-C M sample , we excluded the oxidized N species from the consideration as their amount was low. Thereby, graphitic (Ngr), pyrrolic (NH), and pyridinic
21
(Nv, Ne) nitrogen atoms were introduced into a graphene fragment (Figure 8 ). Pyridinic or twofold coordinated nitrogen atom may have various local surroundings, particularly; it can be located at the boundary of a vacancy or at the edge of graphene sheet. In our case, a single pyridinic nitrogen atom was positioned at the monovacancy boundary (Nv) and two pyridinic nitrogen atoms substituted carbon atoms at the armchair edge (Ne). The absolute values of KohnSham N 1s energies for these atoms are presented in Table S3 information) will be referred in correspondence with these numbers. The calculated binding energies of Pd atoms in the models are collected in Table 3 . Relaxations of the geometry of the models revealed that the Pd atom readily interacts with pyridinic nitrogen atoms (sites 1 and 3).
The highest binding energy was obtained for the model 1, where the Pd atom is attached to two pyridinic nitrogen atoms at the graphene fragment edge. The similar energy values were found in calculations of interaction of a Pd atom with three pyridinic nitrogen atoms or a pair of the atoms surrounding a monovacancy in a carbon nanotube. 36, 37 The Pd atom, which was located above the Ngr site in the starting configuration (site 2), moved to the neighboring carbon sites and formed a bridge above the C-C bond in accordance with calculations performed by Li et al. 38 for adsorption of a Pt atom on a carbon nanotube containing graphitic nitrogen. We observed changes in the location of the Pd atom for the starting sites 6 and 8. In the former case, the atom occupied the position between Nv and Ngr atoms after optimization of geometry. In the latter case, the Pd atom moved to the vacancy. Tang et al. 39 also obtained a higher binding energy of a Pd atom with a defect site (monovacancy) in graphene as compared to that for perfect graphene.
Analyzing the results of the calculations, we conclude that a Pd atom is quite mobile on a graphene sheet and it likes to be close to defect sites such as vacancies (models 4, 5, 8) or incorporated nitrogen atoms (models 1, 6, 3). The Pd atom prefers to form a bridge with two carbon atoms located above the center of the C-C bond. As concerning to bonding with nitrogen species, Pd does not bind with graphitic nitrogen, whereas readily interacts with pyridinic nitrogen. Our calculations predict an increase of the N 1s binding energy of the pyridinic nitrogen after its binding with a Pd atom (Table S3 , Supporting information) that agrees well with the experimental XPS and NEXAFS observations. This shift is explained by the influence of delocalized π-electron system of graphene network on electron density redistribution. The powerful electron cloud pulls the density from the interacting atoms: pyridinic nitrogen and Pd atom. To confirm this effect for our system, we calculated the electron density surfaces for Ncontaining graphene fragments before and after the attachment of the Pd atom ( Figure S6 (Table S4 , Supporting information). Note, that in the final configuration the hydrogen atom in the OH fragment of formic acid is located closely to the hydrogen atom attached to the Pd atom (the distance is 1.89 Å), that at elevated temperatures could help in the formation of H 2 molecule. Hence, the final state of the geometry optimization (structure in step 4) might be considered as a transition complex for the H 2 and CO 2 evolution.
Summarizing the main results of the theoretical part of the work, the structure of the active site involving a Pd atom attached to a couple of edged pyridinic nitrogen atoms is the most energetically favorable as compared to other considered structures. This active site interacts 27 strongly with formic acid leading to the rupture of the C-H bond and the formation of chemisorbed hydrogen atom and carboxyl fragment.
3.6. Single-site catalysis with Pd for formic acid decomposition. As we reported above, single isolated Pd atoms supported mainly on oxide supports were shown to be active in reactions of oxidation [13] [14] [15] and CO 2 reduction. 16 However, for some of these reactions a deactivation of the catalyst was observed. 15 The studies of single-site catalysis are expanding 8, [12] [13] [14] [15] [16] [40] [41] [42] with the development of TEM equipment allowing imaging of isolated atoms existing often on the catalyst support together with metal clusters. Very recently, Arrigo et al. 27 came to a conclusion that Pd 2+ species on N-doped carbon nanotubes were inactive in CO oxidation and hydrogenation of phenyl acetylene, but active in the electrochemical oxygen reduction reaction.
Zhao et al. 43 showed that immobilized Pd 2+ complexes attached to silica supports via sulfur atoms are active in liquid phase hydrogen production from HCOOH/NaHCOO mixtures at temperatures lower than 373 K.
Our experimental studies led to some important results. A significant difference in the TOF values (up to 3 times) was obtained for the catalysts based on the N-doped catalysts as compared to the N-free ones. This was in line with our earlier studies of the Ru 25 and Pt 24 catalysts with the same mean particle sizes for the N-free and N-doped samples and 1 wt.% loading of metal supported on carbon nanofibers. To explain the nitrogen-doping effect for the studied Pd catalysts we also have to take into account that the mean Pd particle sizes and Pd particle size distributions (Figure 2 , Figure S3 , Supporting information) for the N-doped and Nfree Pd catalysts were very similar. We did not observe a difference in the shapes of nanoparticles in these samples. According to the XPS measurements, the electronic properties of the metal nanoparticles were also quite close (Figure 7b) . Moreover, the ratio of the surface metal Pd concentration to the total concentration of Pd decreased with N-doping. Hence, the 28 significant increase of the catalytic activity of the N-functionalized catalyst cannot be assigned to the differences related to Pd nanoparticles observed by regular STEM.
Recently, 24, 25 we proposed that activation of formic acid may take place on pyridinic nitrogen sites of the support with the formation of adduct/formate species and their further decomposition on metallic nanoparticles existing in the proximity to the formate species.
However, the performed DFT studies have not supported this formate mechanism at least for the active site representing a single Pd atom attached to a couple of pyridinic nitrogen atoms. The reason can be that the formation of nitrogen-palladium bonds decreases substantially the basicity of the nitrogen atoms and their ability to activate formic acid. In agreement, we showed that a Pd atom attachment causes a reduction of the electron density over these nitrogen atoms ( Figure S6 , Supporting information). 37 performed some DFT calculations of the interaction of the formic acid molecule with a Pt atom located on Ndoped carbon nanotubes, but did not consider a Pt atom on nitrogen sites located on the edge of the carbon nanotubes, which can provide much stronger interaction accompanied by dissociation of the molecule.
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The formation of the Pd species attached to a couple of pyridinic nitrogen sites is also in line with the ability of palladium to form chelate complexes with N-containing organic ligands, for example, with phenanthroline containing a couple of pyridinic type nitrogen atoms. The structure of some complexes of Pd with this ligand is well studied. [48] [49] [50] These complexes were used as homogeneous catalysts for different reactions. Thus, recently it was shown that complexes of some noble metals 51 and iron 52 with phenanthroline type ligands are active in conversion of CO 2 to formate species 51 and in dehydrogenation of formic acid. 52 Generally, the activity of homogeneous catalysts based on metal complexes is higher in formic acid dehydrogenation than that of heterogeneous catalysts containing metal nanoparticles. 2, 33 Hence, the present research with N-functionalized carbon covers a gap between homogeneous and heterogeneous catalysis in this field discovering active isolated Pd 2+ cations stable at least up to 573 K in hydrogen. The obtained Pd sites attached to a couple of pyridinic nitrogen atoms on the edge of graphene sheet demonstrate also an excellent stability in the reaction conditions ( Figure   4 ). This can be related to the strong interaction of Pd atoms with nitrogen atoms and high stability of the N-functionalized carbon participating in the interaction with Pd as a ligand as compared to the ligands traditionally used in metal complexes for homogeneous catalysis.
CONCLUSIONS
Pd supported on nitrogen-functionalized mesoporous carbon support has demonstrated 3 times higher catalytic activity (TOFs) in formic acid dehydrogenation as compared to the activity of Pd supported on nitrogen-free carbon in spite of close mean metal particle size and particle size distributions determined from regular TEM studies. This was assigned to the activity of 
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